been studied extensively (Cook et al., 1997; Ogallo et al., 1997; Robinson et al., 1999; Shepherd, 1974 Shepherd, , 1983 
known if M. incognita tolerance in cotton can be exThough significant levels of tolerance were measured in our study, 2 yr pressed independently of resistance. Resistance to M.
of data on percentage yield suppression show that tolerance is not incognita in cotton also imparts tolerance to the nemaconsistently related to specific cultivars in the absence of nematode tode (Davis and May, 2003; Zhou and Starr, 2003) , alresistance: susceptible cultivars did not consistently express tolerance, though factors other than resistance also are believed but resistant germplasm did. Thus, it appears unlikely that cotton cultito affect the expression of tolerance. Consequently, var selection for tolerance to M. incognita can be utilized to minimize nematode tolerant but susceptible cultivars could exist. able cultivars are believed to be susceptible to M. incognita, but their levels of tolerance have not been quantified. If nematode tolerant but susceptible cotton cultivars H ost-plant resistance to plant-parasitic nematodes can be identified, then they could be grown to help is defined as the suppressive effect of the plant on minimize yield losses. The objective of this study was the nematode's ability to reproduce (Cook and Evans, to evaluate a collection of cotton cultivars that are sus-1987). In contrast, tolerance describes the degree of damceptible to M. incognita to determine if some are more age, usually measured in terms of yield suppression, intolerant than others of parasitism by this nematode. flicted by the nematode on the plant (Cook and Evans, 1987) . Plants that are tolerant but have no resistance will MATERIALS AND METHODS suffer less damage even though nematode levels are not reduced. Both host-plant resistance and tolerance could Yield Potential and Percentage Yield Suppression be useful for managing nematodes in crops (McSorley, Percentage yield suppression due to M. incognita was mea-1998; Potter and Dale, 1994; Reese et al., 1988; Sein- sured in 12 cotton genotypes (1 germplasm and 11 cultivars) horst, 1970; Young, 1998 Twelve cotton genotypes were evaluated, including 11 cultivars which accounted for 28% of cotton hectarage in the Published in Crop Sci. 45:2312 -2317 (2005 (Brown et al., 2001; Jost et al., 2002) .
Data from the two trials were analyzed separately by analysis of variance and means separation by Fisher's protected least All plots were managed identically and irrigation was applied as needed. Yield data were collected at harvest on 8 Nov.
significant difference (LSD 0.05 ). Root galling was evaluated before egg extraction on 29 September using the 0 to 10 scale 2002 and 23 Oct. 2003. Seed cotton from each plot was harvested and weighed, and lint yield was determined by ginning described previously. Multiple regression analysis was used to determine the coma subsample from each plot and using the percentage lint in the subsample to calculate a lint yield for the plot. Percentage bined effects of the amount of M. incognita reproduction and yield potential (achievable yield) on percentage yield suppresyield suppression was calculated for each replication of each genotype as the difference in yield between the fumigated and sion caused by M. incognita. For this analysis, yield potential and yield suppression means for each genotype in each year nonfumigated plot divided by the yield of the fumigated plot. Data on percentage yield suppression were analyzed as a ranwere estimated from the field trials as previously described, and nematode reproduction was estimated on the basis of reprodomized complete block design.
Soil samples for nematode analysis were collected from the duction data from the two greenhouse evaluations ( most susceptible cultivars. The 11 cultivars tested did Regression analysis showed that post-harvest root gall ratings were not related to percentage yield suppression not all support similar levels of reproduction in either trial, but as indicated by the trial ϫ genotype interaction, (P Ͼ 0.10) in either year or when the two years were combined. Midseason nematode population densities the relative level of reproduction supported by a genotype was not consistent between trials.
were related to percentage yield suppression. The calculated slope and intercept values did not differ (P Ͼ 0.10) Evaluation for root galling was done only in the second greenhouse trial. Galling generally was severe and between 2002 and 2003, so the data was combined and a single regression was calculated. The combined regresstatistically similar among the cultivars ( Table 2 ). The cultivar DeltaPearl had the highest mean gall rating in sion predicted that percentage yield suppression was equal to 18.9 ϩ (midseason nematode levels)(0.100) the study, though all other genotypes except the cultivars DP451BR and DP458BR and the germplasm GA96-211 (P ϭ 0.0015, R 2 ϭ 0.37). Multiple regression analysis revealed that yield potenhad levels of galling that were similar to DeltaPearl. The moderately resistant germplasm GA96-211 suffered the tial (P ϭ 0.0016) and the relative amount of M. incognita reproduction (P ϭ 0.0700) both affected the percentage least galling.
Regression analysis based on the 2 yr of field data yield suppression caused by M. incognita in a linear manner. Yield suppression increased as either yield porevealed a linear relationship in which increasing yield potential was associated with increasing percentage tential or nematode reproduction increased. The predicted percentage yield loss when both yield potential yield suppression (Fig. 1) . Comparison of the slope and intercept values of the regression lines calculated for and nematode reproduction were zero (the regression intercept) was Ϫ7.808%, which is not different from zero the 2002 and 2003 data verified that both the slope and intercept values were similar (LSD 0.10 ) for the two years, (P ϭ 0.336). The combined regression predicted that percentage yield suppression was equal to Ϫ7.808 ϩ so the data were combined and a single regression was calculated on the basis of all the data. The predicted (yield potential)(0.0159) ϩ (reproduction)(0.1136) (P ϭ 0.0005, R 2 ϭ 0.51). percentage yield loss when yield potential was zero (the regression intercept) was 0.41%, which is not statistiMultiple regression analysis revealed that yield potential (P ϭ 0.0287) and midseason M. incognita population cally different from zero (P ϭ 0.95). The combined regression predicted that percentage yield suppression levels (P ϭ 0.0862) both affected the percentage yield suppression caused by M. incognita in a linear manner. was equal to 0.414 ϩ (yield potential)(0.0165) (P ϭ 0.0005, R 2 ϭ 0.43). Yield suppression increased as either nematode levels or yield potential increased. The predicted percentage breeding has not improved tolerance to the root-knot nematode. In fact, cotton becomes more sensitive to yield loss when both yield potential and nematode population levels were zero (the regression intercept) was nematode damage as yield potential increases. The relationship in this study between percentage Ϫ4.043%, which is not different from zero (P ϭ 0.5644). The combined regression predicted that percentage yield yield suppression and midseason nematode levels is consuppression was equal to Ϫ4.043 ϩ (yield potential) sistent with the assumption that yields generally should (0.0125) ϩ (number of M. incognita)(0.0563) (P ϭ decrease as nematode population levels increase. It is 0.0006, R 2 ϭ 0.50). noteworthy that the relationship between yield potential and percentage yield suppression is significant even when the effect of nematode population density is con-
DISCUSSION
sidered. The relatively low R 2 value of the regression shows The objective of this study was to determine if any that there was a lot of unexplained variation in the data, cotton cultivars are more tolerant than others of parasitwhich might be reduced if data were collected from a ism by M. incognita. Though significant levels of tolergreater number of more diverse genotypes. Environance were measured in our study, tolerance was not mental effects which differ between years, and possible consistently related to specific cultivars in the absence of genotype ϫ environment interactions, may also contribnematode resistance. Resistant germplasm consistently ute to unexplained variation in the data. Regression suffered the least yield suppression in the study, but the slopes and intercepts were similar between years despite level of yield suppression for each of the susceptible differences in environment, yield potential, and percentcultivars was inconsistent. This is in contrast to nemaage yield suppression. tode tolerance in potato, where tolerance in susceptible
The term yield potential has been defined as "the genotypes is linked to specific cultivars (Evans and Hayyield of a cultivar when grown in environments to which dock, 1990). In cotton, it appears unlikely that cultivar it is adapted; with nutrients and water non-limiting; and selection for tolerance to M. incognita can be utilized with pests, diseases, weeds, lodging and other stresses to minimize yield suppression, although nematode-suseffectively controlled" (Evans and Fischer, 1999) . When ceptible cultivars not included in this study could consiscotton is parasitized by M. incognita, yields will be below tently express tolerance. the yield potential. A generic damage function that reStress has been defined in terms of a plant's negative lates the degree of yield suppression to nematode popuresponse to a causal factor, and reaction to stress can lation density is be altered by either affecting the causal factor directly or by modifying the plant such that the causal factor y ϭ yield P Ϫ yield min yield max Ϫ yield min has less effect (Tollenaar and Wu, 1999) . Enhanced tolerance to biotic or abiotic stress can lead to increased where y ϭ the relative yield (between 0.0 and 1.0) at crop yields (Fasoula and Fasoula, 2002) . For example, nematode density P; yield P ϭ yield at nematode density increased yield in corn (Zea mays L.) in recent decades P; yield min ϭ a minimum yield that will be achieved is due mostly to increased tolerance to stresses (Tolleneven at the highest nematode densities; and yield max ϭ aar and Lee, 2002; Tollenaar and Wu, 1999) . Unfortua maximum yield achieved in the absence of nematodes nately, selection for tolerance to one type of stress does (Seinhorst, 1965 . This does not prove that the aforementioned situation occurred yield loss. For a specific nematode population density, the relative yield will decrease if the yield potential because there are many factors contributing to these increased yields and increased percentage yield losses, increases. This predicts that nematode parasitism will decrease yield by a greater percentage as yield potential but the observations are consistent with the concept. Yield potential can be increased through breeding increases, which was documented in our study.
The relationship between the percentage yield supand selection for genotypes that allow the plants to be more responsive to inputs and exploit favorable growing pression caused by nematodes and yield potential has not been examined previously in any crop. Some studies conditions (Fasoula and Fasoula, 2002; Pala et al., 2004; Tokatlidis and Koutroubas, 2004) . Although genotypes have examined the effect of nematode resistance on yield suppression, but not on percentage suppression, and usually are evaluated under a range of conditions, cultivars often are selected on the basis of outstanding perinformation may be gleaned from genotypes with similar levels of resistance. A study of tolerance in potato to formance in favorable environments (Calhoun et al., 1994) . Meloidogyne incognita infection impairs root funcGlobodera rostochiensis (Woll.) Behrens included two susceptible standards, 'Pentland Dell' and 'Dé siré e'.
tion and limits growth of the root system, which reduces a plant's ability to exploit favorable environments fully. Dé siré e had a higher yield potential and suffered a greater percentage yield loss than Pentland Dell (Evans If nematode parasitism inhibits exploitation of favorable growing conditions, then the percentage yield suppresand Russell, 1990) . It is more difficult to interpret the results of some studies. For example, a study of Globodsion would be greater for input-responsive genotypes (which have higher yield potentials) than for genotypes era spp. on potato found that percentage yield loss did not change as yield potential changed (Mulder et al., that were less capable of exploiting favorable conditions. High yield under ideal conditions, which is one defini-1997), but the yield potential and crop loss data were generated at different times in fields with different soil tion of yield potential (Evans and Fischer, 1999) , is often one of the primary goals of plant breeding. Unfortutypes. Soil type likely affects both yield potential and percentage yield suppression, so data combined from a nately, increasing yield potential increases the percentage yield suppression in cotton caused by M. incognita. range of soil types may not indicate a clear or consistent relationship between yield potential and percentage loss.
An increase in relative damage as yield potential increases probably also occurs in other crops with other Host-plant resistance to a nematode increases the tolerance of the plant to the nematode, and higher levels nematodes. Therefore, because the absolute and percentage losses to nematodes increase as yield potential of resistance should impart higher levels of tolerance (Davis and May, 2003; Evans and Haydock, 1990) . Inincreases, nematode management becomes increasingly important and beneficial. corporating high levels of resistance should reduce yield losses greatly, whereas slight or moderate levels of resistance will likely impart slight or moderate tolerance. As REFERENCES breeders increase nematode resistance they also may Arntzen, F.K., J.H.M. Visser, T.C.A.E. Wouters, and J. Hoogendoorn. increase yield potential. If yield potential is increased, 1994 . Inheritance of tolerance of Globodera pallida and the relationship between tolerance and resistance to Globodera pallida in but only slight to moderate levels of resistance are potatoes. Potato achieved, then yield suppression by nematodes will be Boerma, H.R., and R.S. Hussey. 1984. Tolerance to Heterodera glyaffected by conflicting forces: increased resistance will cines in soybean. J. decrease the percentage yield loss caused by nematodes Boerma, H.R., and R.S. Hussey. 1992. Breeding plants for resistance whereas increased yield potential will increase the per- suppression than would an increase in yield potential, Cook, C.G., A.F. Robinson, and L.N. Namken. 1997 . Tolerance to but a slight to moderate level of resistance may not.
Rotylenchulus reniformis and resistance to Meloidogyne incognita
This situation may have occurred in cotton in the USA. ica disease loss estimates (available at www.cotton.org/
